The Wnt signaling pathway is hyperactivated in most colorectal cancers (CRC). Finding new regulators of this pathway represents the potential for cancer diagnosis or treatment. OCC-1 was initially reported as an up-regulated gene in colon carcinoma, without knowing its mechanism of action. Here, two novel transcript variants and an exonic microRNA that originated from the OCC-1 gene are reported, showing positive effects on Wnt activity. Up-regulation of the known OCC-1 variant (assigned as OCC-1A/B) was limited to CRC, and its overexpression increased survival of CRC-originated SW480 cells (Wnt + ), while resulting in apoptosis of Wnt-suppressed SW480 cells or HeLa cells (Wnt -) detected by PI staining. Immunocytochemistry showed that the OCC-1A/Bencoded peptide was localized to the nucleus, where its overexpression resulted in Wnt signaling up-regulation, detected by TOP/ FOPflash assay. The noncoding portion of the OCC-1A/B transcript had a suppressive effect on Wnt activity and had a negative correlation with APPL2 neighboring gene expression. Unlike OCC-1A/B, the novel OCC-1C splice variant had no expression alteration in CRC, and it seemed to encode a smaller peptide with cytoplasmic localization. A 60-nucleotide (nt) fragment containing an AUG start codon is spliced out to produce an OCC-1D noncoding RNA variant. The 60-nt RNA was validated as the precursor of a novel microRNA, which we named miR-ex1. Both OCC-1D and miR-ex1 were coordinately up-regulated in CRC. MiR-ex1 functional analysis revealed that it is targeting the APC2 tumor suppressor gene and is an activator of the Wnt signaling pathway. Overall, the OCC-1 gene is now introduced as a novel Wnt signaling regulator and as a potential therapeutic target.
INTRODUCTION
Colorectal cancer (CRC) is the third most commonly diagnosed cancer in males and the second in females (Jemal et al. 2011) . Both environmental and genetic factors contribute to CRC development. While contribution of genetic factors is estimated to be 35%, over 25% of this contribution is unknown yet (Lichtenstein et al. 2000) . Genetic alteration of Wnt signaling components, which results in signaling pathway overactivation, is a crucial genetic event in CRC development (Bienz and Clevers 2000; Lustig and Behrens 2003; Segditsas and Tomlinson 2006; The Cancer Genome Atlas Network 2012) . For example, mutations of APC and β-catenin occur in a high proportion of sporadic CRC (up to 80% and 10%, respectively) (Schlosshauer et al. 2000) . Other than mutations, there are other side players that modulate the Wnt signaling pathway (Huang and He 2008) . Finding new players in the Wnt signaling pathway will likely yield a better understanding of Wnt signaling involvement in CRC. These new factors would be promising prognostic markers or therapeutic targets. There were preliminary data suggesting that human locus 12q23.3 might be a novel CRC susceptible locus (Pibouin et al. 2002) . In this locus, the Overexpressed in Colorectal Carcinoma-1 (OCC-1) gene (officially named C12orf75; NCBI gene ID: 387882) was initially reported as an up-regulated gene in CRC. The OCC-1 gene consists of 11 exons (Fig. 1A ) and its genomic DNA spans a region of ∼164 kb on 12q23. 3 (hg38: nt 105,235,250-105,398,725) . Current human GENCODE release (version 25) revealed that it transcribes five different splicing RNA variants, two of them (OCC-1A and OCC-1B) are similarly spliced (with the same six exons) but different in lengths of their 5 ′ -and 3 ′ -ends (Pibouin et al. 2002) . Recently, a 63-amino acid (aa) protein has been attributed to these transcripts with a suggested function in stemness and adipogenesis (Kikuchi et al. 2009 ). However, the exact function of the OCC-1 gene is not clearly known yet. APPL2 gene (NCBI gene ID: 55198) , also known as DIP-13β (DCC interacting protein 13-β), is located upstream of the OCC-1 gene with an ∼970 bp overlapping region. The APPL2 protein belongs to the APPL protein family (Miaczynska et al. 2004 ) whose structure and function is well known, and they have a diverse set of functions (Schenck et al. 2008) . The downstream region of OCC-1 is vacant of any coding gene with the exception of the processed ST13 pseudogene 3 (ST13P3) (NCBI gene ID: 144638) . This pseudogene is just inferred from homology (Sossey-Alaoui et al. 2002) without any reported transcript. Nevertheless, the OCC-1 downstream region contains several reported ESTs that are not well characterized yet. Some of these ESTs belong to the Cancer Susceptibility Candidate 18 (CASC18) FIGURE 1. Introducing novel splice variants of the OCC-1 gene. (A) Exon-intron architecture of the OCC-1 gene based on GENCODE v25. It consists of 10 exons and nine introns shown by boxes and horizontal lines, respectively. Dark segments in exons delineate their coding feature after processing into corresponding mRNA. (B) Schematic representation of novel OCC-1 splice variants compared to the known (OCC-1A/B) transcript. In OCC-1A and OCC-1B variants (combined and represented as OCC-1A/B), exons are similarly spliced at the conventional splice sites, but for the production of the OCC-1C variant, alternative 5 ′ and 3 ′ splice sites within exon 6 and exon 7 (denoted as vertical arrowheads) are used, respectively. For production of the OCC-1D variant, an intra-splicing event has occurred inside the first exon of OCC-1A/B, causing elimination of a 60-nucloetide (nt) fragment containing the OCC-1 start codon. Boxes represent exons, and the positions of UTR-specific primers for amplification of OCC-1 splice variants are shown as horizontal arrows. Vertical arrowheads mark the novel splice sites, shown at the bottom of OCC-1A/B exons. (C ) Additional OCC-1 splice variants that are reported by others elsewhere (without characterization) and that are not detectable by our primer sets. (D) Conservation status of the third exon of the OCC-1 gene created by UCSC. Highly conserved area is omitted in OCC-1D, which encompasses the translation start site of the gene. (E) Eliminated 60-nt RNA fragment from the OCC-1 transcript shows characteristics of a pre-miRNA structure. Location of the validated mature miR-ex1 is highlighted as well as the predicted dicer cutting sites. (F ) Sequence alignment of four different TA-vector clones containing a mature miR-ex1 sequence from different sources and their comparison with the miR-ex1 precursor.
(NCBI gene ID: 101929110) gene, which was recently classified as a long noncoding RNA in the human genome (Derrien et al. 2012) .
Here, three novel transcripts of the OCC-1 gene are introduced; two of them, including a novel miRNA, are shown to be associated with the Wnt signaling pathway. We also show that the OCC-1 gene affects the transcription level of its neighboring gene APPL2.
RESULTS
Identification of two novel splice variants of the OCC-1 gene and a novel exonic microRNA
The previously reported variants of OCC-1 (OCC-1A and OCC-1B) contain a common central region but differ in their 5 ′ -and 3 ′ -ends. A single accession number (NM_001145199) represents both variants in the GenBank, and here we have referred to them as the OCC-1A/B transcript variant. By using OCC-1 specific primers against a cDNA library (originated from U87 cell line), two novel OCC-1 splice variants were discovered, designated as OCC-1C (GenBank acc. #: AB735447) and OCC-1D (GenBank acc. #: AB735446) (Fig. 1B) . Conventional donor and acceptor splice sites between exons 6 and 7 of the gene have been shifted inside (shown by vertical arrows in Fig. 1B) , causing a 36-nt deletion of OCC-1A/B to produce an OCC-1C variant (Fig.  1B) . Using two cryptic splice sites within the third exon of the OCC-1 gene, 60 nt including the OCC-1A/B start codon is spliced out, generating an OCC-1D variant (Fig. 1B) .
Three additional splice variants (here we refer to them as OCC-1E, OCC-1F, and OCC-1G) have also been recently reported in NGS data, however, the primers that have been used for the amplification of OCC-1A/B, OCC-1C, and OCC-1D were not suitable for the amplification of other variants (Fig. 1C) . Both OCC-1C and OCC-1D are also detectable in the recent NGS databases (Supplemental File S1).
Interestingly, the DNA segment corresponding to the spliced out 60-nt RNA fragment represented a saddle-like conservation plot, which is a prominent characteristic of miRNA precursors (Fig. 1D) , and RNA fold software predicted a stem-loop structure for it (Fig. 1E ). This stem-loop (nominated as pre-mir-ex1; acc. #: HF679086) had multiple characteristics of a putative miRNA precursor (Supplemental File S2). Furthermore, pre-mir-ex1 and its predicted mature form, miR-ex1, were PCR amplified from a U87 cell line cDNA preparation. PCR products were cloned in TA vectors and sequencing of several colonies indicated that 19-nt-long mature miRNA is produced. The identity of miR-ex1 (acc. # LT601573) was confirmed by alignment of the sequencing results with the sequence of the miR-ex1 precursor (Fig. 1F) . MiR-ex1 expression was also detected in other human cell lines (Supplemental File S4-3C) and its sequence is detectable in a recent NGS database (Supplemental File S2). To date, no identical miRNA has been reported in the miRbase database for miR-ex1.
Differential expression pattern of novel OCC-1 splice variants
To analyze the expression pattern of OCC-1 splice variants in human cells, specific primers at unique exon-exon junctions were designed and PCRs (for 35 cycles) were carried out on cDNAs of different human cell lines. OCC-1A/B transcript was detected in SW480, KYSE, AGS, 5637, SK-MEL3, MCF-7, HeLa, HUH-7, K562, U87-MG, and HEK293-T cell lines as well as stem-and progenitor cells such as NT-2, Human Cardiomyocytes (HCM1 and 2), and undifferentiated cardiac stem cells (undiff. CSCs). While OCC-1C and OCC-1D transcripts were detected in several cell lines, they were not expressed in the tested NT-2, HCM, and cardiac stem-or progenitor cell lines ( Fig. 2A) .
Since preliminary reports attributed a noncoding RNA function to the OCC-1 gene (Pibouin et al. 2002) , OCC-1 transcript variants expression status was analyzed in 42 paired tumor and normal colorectal tissues in combination with expression analysis of its neighboring genes located on the 12q23.3 chromosomal region (Fig. 2B) . Compared to the normal pairs, the APPL2 gene expression level was significantly down-regulated in the tumors (P < 0.0043) (Fig. 2C ). In the same pairs, the expression level of the OCC-1C variant was unchanged in CRC samples. However, the expression level of OCC-1A/B and OCC-1D showed ∼5-and ∼12-fold increase in tumor samples, respectively. Similar to the level of the OCC-1D variant, the miR-ex1 expression level showed ∼12-fold up-regulation in CRC samples compared to their nontumor paired samples (Fig. 2D) . CASC18 showed no expression in CRC and other epithelial tissues, including esophageal, gastric, and bladder tissue sample pairs using real time PCR (data not shown). In order to investigate if miR-ex1 and OCC-1D production is coordinated, their expression pattern was compared in CRC tissues using real time PCR. Results suggested a positive correlation between these RNA variants (Supplemental File S4-4), supporting simultaneous formation of OCC-1D and miR-ex1. Further, the absolute expression level of OCC-1 splice variants was measured and represented as "RNA copies per 100 ng of total RNA" in HT-29, HCT116, and SW480 cell lines, representing stages I, II, and IV of CRC, respectively. Real-time analysis of OCC-1 transcript variants in these cell lines indicated no correlation of OCC-1C expression with CRC staging. However, OCC-1A/B was increased and OCC-1D was decreased in the cell lines with higher levels of malignancy (Fig. 2E ).
Coding potential of OCC-1 transcripts and their effects on fibroblast morphology A 63-aa peptide has been recently attributed to the OCC-1A/ B transcript. Sequence analysis of the OCC-1C variant indicated that 36 nt (corresponding to the 12 aa) have been eliminated from the middle of the OCC-1A/B variant without changing the translation frame, and it potentially encodes an unknown 51-aa peptide (Fig. 3A) . The coding potential of OCC-1 variants and subcellular localization of related peptides were further analyzed using Flag-tagged constructs, transfected in the SW480 cell line. ICC results indicated that the OCC-1A/B peptide was localized in the nucleus ( Fig. 3B; top) . OCC-1C seemed capable of producing a novel peptide (GenBank acc. #: BAM34484.1), which was localized in the cytoplasm of transiently transfected SW480 cells ( Fig.  3B; middle) .
Overexpression of the Flag-tagged OCC-1A/B construct resulted in size and number reduction of the transfected fibroblast cells as well as some morphological changes ( Fig.  3C; top left) . These cells demonstrated increased cell death, detected by flow cytometry ( Fig. 3C; top right) . The cells that were transfected by the Flag-tagged OCC-1C construct did not show such alterations compared to the cells transfected by scrambled control vector ( Fig. 3C ; middle and bottom). In all of these experiments, real-time PCR confirmed the overexpression of exogenous OCC-1A/B and OCC-1C variants (data not shown). Bioinformatics analysis predicted nuclear localization for the OCC-1A/B peptide but cytoplasmic localization for the OCC-1C peptide (S3-C).
Tumor-specific up-regulation of OCC-1A/B variant and its cell type-specific survival promotion
Compared to the results of CRC samples, the transcription level of the OCC-1A/B variant was measured in 10 paired samples of esophageal, gastric, and bladder tumor tissues (T) versus their marginal nontumor (N) sections. While a distinct up-regulation of the OCC-1A/B transcript was evident in CRC specimens, a significant down-regulation was detected in other cancer types (Fig. 4A) . Wnt activity was compared in these cancer types using qRT-PCR against cMyc (as a Wnt pathway target gene [Zhang et al. 2012] ), and results indicated the highest transcription level of the c-Myc gene in the CRC specimens (Fig. 4A) .
In order to investigate the OCC-1A/B overexpression effect on the cell cycle progression, OCC-1A/B cDNA was overexpressed in cell lines with different Wnt signaling activity (Wnt − and Wnt + ). Colorectal originated SW480 (Wnt + ) and noncolorectal HeLa (Wnt − ) cells were transiently transfected using the OCC-1A/B cDNA construct. The cell cycle was promoted in SW480 cells (Fig. 4B) , whereas it was arrested in HeLa cells (Fig. 4D) detected by flow cytometry. Consistently, Annexin V/PI results indicated reduced early and late apoptosis rates in the transfected SW480 cells (Fig.  4C ) but an increased apoptosis rate in the transfected HeLa cells (Fig. 4E ). When Wnt signaling was suppressed in the SW480 cells using XAV939 small molecule (10 µM), the cell cycle was arrested (Fig. 4F ) and apoptosis rate was increased ( Fig. 4G) following the transfection of OCC-1A/B cDNA in these cells.
Consistently, OCC-1A/B overexpression ended in increased SW480 cell viability but resulted in reduced cell viability in the Wnt − HeLa and in the Wnt-suppressed SW480 cells, detected by MTT assay (Fig. 4H) . Finally, qRT-PCR expression analysis of the interferon-β gene indicated that observed cell death induction in HeLa and Wnt-suppressed SW480 cells has not been due to the interferon response (Supplemental File S6). All data of OCC-1A/B-transfected cells were compared to that of scrambled-and nontransfected controls, and a P-value <0.05 was considered as a statistical significance level.
Suppressive effect of OCC-1 RNA on transcription level of the APPL2 gene provides a putative CRC progression index A significant negative correlation (Pearson correlation = −0.699; P-value < 0.0001) was obtained between OCC-1A/ B and APPL2 expression levels in 42 paired CRC specimens (Fig. 5A,B) . In some cases, samples with a high level of OCC-1A/B expression had very low or undetectable APPL2 expression even in 40 cycles of PCR (Pearson correlation = −1.0) (Fig. 5A ). The alteration of APPL2 gene expression was further investigated under the OCC-1A/B protein coding ORF or OCC-1-cDNA overexpression conditions in the SW480 cell line. To this aim, ∼300 bp of OCC-1A/B upstream sequence corresponding to its ORF and 5 ′ -UTR sequences was PCR amplified and cloned in the pCMV-Tag4 expression vector (Fig. 5C , fragment a-b). Also, the 1366-bp cDNA sequence of the OCC-1 gene (including its long 3 ′ -UTR) was cloned in the same vector (Fig. 5C , fragment a-c). While overexpression of OCC-1-cDNA strongly suppressed APPL2 transcription, overexpression of its ORF region did not show such an effect (Fig. 5C ). Since both constructs shared the a-b sequence, the effects of full-length OCC-1-cDNA on the APPL2 expression level might be attributed to the noncoding segment of this transcript (b-c fragment). Using a complementary antisense RNA against the OCC-1A/B variant resulted in an increased expression level of the APPL2 gene (Fig. 5C ). The effects of these constructs were compared to the scrambled sequence cloned in the same vector (pCMVtag4). A strong negative correlation (Pearson correlation = −0.828; P-value < 0.0001) is calculated between the APPL2 and OCC-1A/B expression in this experiment (Fig. 5D ).
Since OCC-1 and APPL2 negative correlation was supported by several experiments (presented in Figs. 2 and 5), the OCC-1/APPL2 index was deduced from a significant number of tumor samples (n = 28) and results were categorized based on the CRC progression (Supplemental File S7). Analysis of the categorized data indicated a high positive correlation between the OCC-1/APPL2 index and the higher stages of CRC.
Linking the OCC-1 gene to the Wnt signaling pathway
The OCC-1A/B and miR-ex1 functional effect on Wnt signaling was further investigated using diverse experimental procedures. In comparison with the scrambled-transfected cells, OCC-1A/B-ORF overexpression led to the Wnt signaling upregulation, detected by TOP/FOPflash assay. However, OCC-1A/B-cDNA construct overexpression led to the Wnt signaling attenuation (Fig. 6A) . In order to discriminate the coding and noncoding RNA functions of the OCC-1 gene against Wnt signaling, mutated OCC-1-cDNA (harboring ATG → CTG mutation) was also transfected in SW480 cells. The Wnt signaling pathway was strongly suppressed in these cells compared to the scrambled control (Fig. 6A) . The Wnt signaling up-regulation effect of OCC-1A/B-ORF overexpression was further supported via qRT-PCR against Cyclin-D1 and cMyc genes which are targeted by this pathway (Fig. 6B ).
In comparison with the mock-transfected cells, miR-ex1 overexpression led to Wnt signaling up-regulation, and miR-ex1 down-regulation led to Wnt signaling suppression, detected by TOP/FOPflash assay (Fig. 6C) . The Wnt signaling up-regulation effect of miR-ex1 overexpression was further supported via qRT-PCR against Cyclin-D1 and c-Myc genes (Fig. 6D) . Cotransfection of OCC-1A/B-ORF or miR-ex1 with FOPflash construct did not change the luciferase expression in these experiments. Results of the TOP/FOPflash assay are presented as the ratio of the TOP over FOP luciferase signals.
The APC2 gene with a pivotal role in the Wnt pathway was predicted as the main target gene for miR-ex1 (Supplemental File S5). Moreover, RT-PCR analysis indicated that miR-ex1 overexpression caused APC2 mRNA level reduction (Fig.  6E) . The MiR-ex-1 overexpression effect on the APC2 protein was also investigated through ELISA. Compared to the multiple controls, results indicated that the APC2 protein level has been reduced following miR-ex1 overexpression in SW480 cells. Consistently, miR-ex1 down-regulation resulted in subtle (nonsignificant) APC2 protein level elevation (Fig.  6F ). Direct interaction of miR-ex1 and APC2 transcripts was also investigated through cloning of APC2 3 ′ -UTR sequence downstream from the luciferase ORF. Compared to controls, luciferase activity was significantly down-regulated in the cells overexpressing miR-ex1, supporting the direct interaction of miR-ex1 with the 3 ′ -UTR sequence of APC2. Neither overexpression nor down-regulation of miR-ex1 affected the luciferase activity level of a construct made of luciferase ORF fused to the nontarget TrkC 3 ′ -UTR sequence (Fig.  6G) . According to flow cytometry data, overexpression of OCC-1A/B or miR-ex1 constructs induced cell cycle progression, while down-regulation of OCC-1A/B or miR-ex1 caused an elevation in the proportion of cells in the sub-G1 stage (Fig. 6H,J) . Consistently, OCC-1A/B-ORF or miR-ex1 overexpression led to the increased cell viability of transfected cells, detected by MTT assay (Fig. 6I,K) .
DISCUSSION
The Wnt signaling pathway is the most altered signaling pathway in CRC (Bienz and Clevers 2000; Colussi et al. 2013 ). The human locus 12q23.3 is enriched for cancer-related genes including APPL2, OCC-1, CASC18, and ST13P3. APPL2 is interactive with the Deleted in Colorectal Carcinoma (DCC) gene (Liu et al. 2002) and is considered a positive regulator of the Wnt signaling pathway (Cleasby et al. 2011) . OCC-1 has been considered a differentially up-regulated gene in CRC (Pibouin et al. 2002) , and ST13P3 is a pseudogene of the CRC-related gene ST13 (Sossey-Alaoui et al. 2002) . Here, we intended to investigate the association of 12q23.3 locus and CRC through functional analysis of OCC-1 novel transcripts against Wnt signaling pathway components. The OCC-1 gene is reported to be transcribed in two highly similar transcript variants such that here we assigned them as an OCC-1A/B variant. Here for the first time, two novel splice variants of the OCC-1 gene assigned as OCC-1C, OCC-1D, and a novel miRNA named miR-ex1 are introduced (Fig.  1) . OCC-1 was initially reported as a noncoding RNA gene (Pibouin et al. 2002) ; however, it (OCC-1A/B variant) encodes a protein called AGD3 with an attributed role in the differentiation of adipocytes (Kikuchi et al. 2009 ). Later, it was reported that the AGD3 protein is expressed in several areas of rat brain and binds to the insulin receptor substrate 4 (IRS4) protein, promoting insulin signaling (Chai et al. 2013) .
OCC-1C lacks an internal 36 nt (12 aa) at the middle of the AGD3 protein coding ORF (Figs. 1B, 3A) . In another event, the AUG start codon of the gene has been spliced out to create an OCC-1D noncoding RNA variant (Fig. 1B) . A spliced out short RNA segment had most of the miRNA precursor features (Krol et al. 2004 ), including a 60-nt-long hairpin secondary structure and saddle-like conservation pattern (Fig. 1D,E) . Therefore, production of an OCC-1-originated miRNA was investigated following a protocol we have used for other miRNA discoveries (Parsi et al. 2012; Dokanehiifard et al. 2015; Saleh et al. 2016) . Briefly, the predicted miRNA precursor and its mature form (miR-ex1) were PCR amplified from a cDNA library of U87 cell lines (Supplemental File S4-3). Then, sequencing of the amplification products indicated that at least a 19-nt-long miR-ex1-5p has been produced in this cell line (Fig. 1F) . Recently, RNAseq databases have introduced miR-ex1-3p, which supports our findings (Supplemental File S2-3).
The OCC-1A/B variant was expressed in different cell lines; however, OCC-1C and OCC-1D variants were not detected in the tested stem or progenitor cell lines ( Fig. 2A) . It remains to be tested if these variants are involved in stemness of the cells. These results also indicate that novel OCC-1 transcripts are not aberrant transcripts, which often are produced during cancer progression (Venables 2004; Ostler et al. 2007; Fackenthal and Godley 2008) .
Expression changes of OCC-1D and miR-ex1 in CRC specimens were about three times more than that of OCC-1A/B (Fig. 2D) , which candidated these variants as distinct markers for CRC progression with potential clinical application. Bioinformatics analysis predicted a coding ORF for the OCC-1 gene that is known to encode AGD3 protein (Kikuchi et al. 2009 ). Deduced protein sequence alignment indicated that 12 aa have been deleted from the middle of this ORF to form the OCC-1C peptide (Fig. 3A) . Distinguished detection of OCC-1A/B and OCC-1C peptides using immunostaining is laborious due to their small size and high similarity of amino acid sequences. Therefore, their coding potential and subcellular localization were investigated using exogenous expression of Flag-tagged OCC-1A/B or OCC-1C sequences, followed by an ICC experiment and using monoclonal antibody against the tag (Fig. 3B) . As a result, SW480 cells expressing Flag-tagged OCC-1A/B showed a concentrated nuclear fluorescent signal for OCC-1A/B encoded peptide, while an OCC-1C-related signal was localized in the cytoplasm of transfected SW480 cells (Fig. 3B) . Consistent with our results, the PSORTII bioinformatics tool predicted nuclear and cytoplasmic localization of OCC-1A/B and OCC-1C peptides, respectively (Supplemental File S3-C). Nevertheless, the Protein Atlas database (http://www. proteinatlas.org/search/agd3) has reported both nuclear, cytoplasm, and cell membrane localization for the AGD3 protein (Supplemental File S3-B) without taking into account the presence of an OCC-1C encoded peptide. Also, challenging our results, others have used a polyclonal antibody for detection of an endogenously expressed AGD3 homolog in rat brain cells and reported its cytoplasmic localization (Chai et al. 2013 ). Since OCC-1A/B and OCC-1C peptides are small and they only differ by 12 aa, the use of a polyclonal antibody may explain our different results.
Furthermore, unlike the OCC-1C, OCC-1A/B overexpression resulted in morphological alteration of transfected fibroblast cells ( Fig. 3C; left) . Nuclear localization of the OCC-1A/ B peptide proposed a regulatory effect for this peptide which motivated us to follow its effect on the biology of the cell.
The OCC-1A/B transcription level is increased in the CRC samples but is decreased in other tested epithelial cancers compared to normal paired samples (Fig. 4A) . A similar effect has been reported for some other genes such as TGF-β, which is down-regulated in gastric (Li et al. 2002) and upregulated in other cancers (Derynck et al. 2001; Lebrun 2012) including CRC (Shen et al. 2014 ). This CRC-specific effect was further supported by flow cytometry results of OCC-1A/B cDNA overexpression; while OCC-1A/B overexpression promoted the cell cycle in SW480 (Wnt + CRC-originated cell line), it increased the cell death rate in HeLa (Wnt − ) and Wnt-suppressed SW480 cell lines (Fig. 4B-G) . Transfection of OCC-1A/B-cDNA in Wnt-suppressed SW480 cell lines resulted in induction of early and late apoptosis in these cells (Fig. 4G ). To investigate if such an induced apoptosis rate is specific to OCC-1A/B but not the interferon responses (Reynolds et al. 2006) , we analyzed the expression of the interferon-β (IFN-β) gene, which is associated with apoptosis (Chawla-Sarkar et al. 2001) . Results indicated that IFN-β remained unchanged during all transfection procedures (Supplemental File S6), implying that detected apoptosis is associated with OCC-1A/B expression in these cells. The mechanism(s) of the distinctive OCC-1A/B apoptotic effect in Wnt − cells remains to be investigated. Consistently, TOP/FOPflash luciferase assay (Roose et al. 1998) indicated that OCC-1A/B variant overexpression has resulted in increased Wnt signaling activity in the SW480 cell line (Fig. 6A) . This result emphasized the colorectal-specific regulatory role of the OCC-1A/B variant. Wnt signaling activation caused by OCC-1A/B overexpression and a high level of OCC-1A/B expression in CRC samples proposed it as a novel CRC-specific oncogene.
OCC-1A/B ORF encompasses only 14% of the 1366-ntlong transcript and the rest is noncoding. On the other hand, noncoding RNAs may modulate the neighboring gene expression in cis or trans (Guttman and Rinn 2012) . Therefore, the OCC-1D variant and also the OCC-1A/B long UTR sequence may affect the flanking genes' expression. Real time analysis of OCC-1 variants and their neighboring genes in CRC specimens showed a strong negative correlation between OCC-1A/B and APPL2 gene expression level (Figs.  2D, 5A,B) . Neighboring coexpressed genes often share regulatory elements (Xu et al. 1997; Gherman et al. 2009 ). However, no such element was detected for these two genes. In order to investigate if the OCC-1A/B peptide, alone or along with its long noncoding 3 ′ -UTR, is responsible for the negative correlation with the APPL2 gene, corresponding sequences of OCC-1A/B were cloned and overexpressed in the SW480 cell line in a gain of function strategy. Results indicated that OCC-1A/B 3 ′ -UTR is responsible for the observed negative correlation (Fig. 5C,D) . Regardless of the mechanism(s), APPL2 down-regulation under the overexpression of OCC-1 cDNA suggests that OCC-1 noncoding RNA may function as an upstream regulator of APPL2 gene expression. Similar effects on nearby genes are now reported for many other noncoding RNA genes (Wilusz et al. 2009 ). When OCC-1A/B ORF (without 3 ′ -UTR) and OCC-1A/B full-length cDNA (having 3 ′ -UTR) were equally transfected in SW480 cells, real-time PCR detected a higher level of OCC-1A/B ORF RNA than that of OCC-1A/B full-length cDNA. Transfection of a full-length cDNA with impaired ATG start codon resembled the results of wild-type cDNA transfection (Supplemental File S10). 3 ′ -UTR in OCC-1A/B is encoded by two exons that are unified through splicing out of the last intron. Such transcripts are rare and would normally be expected to undergo nonsense-mediated mRNA decay (Mendell et al. 2004 ) that may justify a lower level of OCC-1A/B full-length cDNA. According to the observed negative correlation, a CRC progression index was deduced between the OCC-1A/B and APPL2 genes' expression levels, which could be used as an indicator of CRC progression with potential clinical application (Supplemental File S7). The highest level of this ratio is specific to stage 4 of CRC in which OCC-1 is overexpressed while APPL2 transcripts are not detectable. It remains to be tested if down-regulation of OCC-1 or up-regulation of APPL2 is capable of suppressing CRC.
While OCC-1 versus APPL2 expression level ( Fig. 5 ; Supplemental File S7) provided a strong CRC progression index, it still does not associate the 12q23.3 human chromosome locus to CRC. More direct evidence came from our discovery of OCC-1-originated miR-ex1, which was capable of targeting APC2 transcripts (Fig. 6E-G) . MiR-ex1 or OCC-1A/B overexpression resulted in promotion of Wnt signaling, and consistently their knockdown attenuated this pathway (Fig. 6A-D) . Furthermore, their knockdown resulted in increased cell death (Fig. 6H,J) . Taken together, OCC-1-originated transcripts (Fig. 1) in a cell type-specific fashion (Fig.  4) can modulate the Wnt signaling pathway (Fig. 6 ) directly through targeting of APC2 transcripts or other nuclear components of the Wnt signaling pathway (Fig. 3) , or indirectly through regulation of APPL2 gene expression (Fig. 5) .
Accordingly, here a model is suggested that functionally links human chromosome 12q23.3 colocated OCC-1 and APPL2 genes together and also to the Wnt signaling pathway (Fig. 7) . Since the OCC-1A/B peptide is localized to the nucleus (Fig. 3) and its overexpression resulted in Wnt signaling up-regulation (Fig. 6) , it may activate Wnt signaling through TCF activation, which is shown as a dashed arrow in the model, denoting an unknown mechanism (Fig. 7) . While APPL2 is a positive regulator of the Wnt signaling pathway (Rashid et al. 2009 ), its transcription is suppressed by a OCC-1 noncoding RNA portion by an unknown mechanism (Fig. 5C ), shown by a solid red line and question marks (Fig  7) . That may justify when OCC-1A/B full-length cDNA is overexpressed in the SW480 cell line; its noncoding RNA function attenuates Wnt signaling up-regulation, which is induced by OCC-1A/B coding function (Fig. 6A) . Noncoding RNA function of the OCC-1 gene is more highlighted Contribution of the OCC-1 gene in Wnt signaling www.rnajournal.org 79 when only the ATG start codon of the gene is point-mutated and its suppression effect on Wnt signaling is stronger than wild-type OCC-1 cDNA sequence (Fig. 6A) . That means that OCC-1 up-regulates the Wnt signaling pathway through both its nuclear localized peptide (Fig. 3) and also through production of miR-ex1 (Figs. 1, 6 ), which is shown by red arrows in the model (Fig. 7) . Overall, the Wnt signaling pathway is extended in our model by introducing OCC-1 as a new regulator.
MATERIALS AND METHODS

Bioinformatics
Order, distance, and orientation of the genes located on chromosome 12q23.3 were surveyed by the Entrez gene NCBI database. NCBI Mapviewer was used to find ESTs existing in the studied chromosomal region. The conservation status was evaluated in the UCSC Genome Browser (Kent et al. 2002) . The latest version of the GENCODE database (version 25) was used to determine the last updated information of C12orf75 gene structure and its transcript variants. NCBI-ORF Finder was used to find ORFs in the RNA sequences. Deduced amino acid sequences from each ORF were submitted to InterProScan (Zdobnov and Apweiler 2001) for existence of any conserved protein domains and PSORTII (Horton et al. 2007 ) for cellular localization prediction. Multiple sequence alignment was performed by NCBI-BLAST and ClustalW (Larkin et al. 2007 ). RNA-Fold (Zuker and Stiegler 1981; Zuker 1989) and Mfold (Zuker 2003) were used to predict the RNA secondary structure and its stability. The PHDcleave website was used for the prediction of mature miRNA based on predicted Dicer sites (Ahmed et al. 2013 ). MiRNA target prediction was performed by DIANA microT v3.0 (Maragkakis et al. 2009 ) and validated by RNAhybrid software (Rehmsmeier et al. 2004; Krüger and Rehmsmeier 2006) and miRmap (Vejnar and Zdobnov 2012) . Searching in RNA-sequencing data was performed by using NCBI-SRA and NCBI-GEO to examine the existence of our novel discovered transcripts in long and small RNA-sequencing data.
Colorectal tissue samples
Colorectal samples were obtained from patients who had been referred to the Digestive Disease Research Institute (DDRI)-Shariati Hospital-Tehran-Iran, at the time of surgical resection. For each sample, the tumor section was paired with the adjacent normal section in separate cryotubes. The samples were then immediately snap-frozen in liquid nitrogen and stored at −80°C until use. The pathology of tumor samples was confirmed and collected with written consent from each patient. This study was approved by the Clinical Research Ethics Committee of Shariati Hospital, Tehran University of Medical Sciences.
Plasmid construction
To determine subcellular localization of OCC-1A/B and OCC-1C peptides, their ORF sequences were fused to the Flag nucleotide sequence, which natively exists in a pCMV-tag4 vector (Agilent Technologies). To this end, corresponding ORFs were amplified from cDNA of colon tissue and separately inserted between Sac1 and Sal1 sites of the pCMV-tag4 vector in a frame with the Flag epitope sequence. The resultant constructs encode C-terminal Flagtagged peptides containing 63 (for OCC-1A/B) and 51 (for OCC-1C) aa, tagged by 8 aa of Flag. The full-length cDNA of OCC-1 was amplified and cloned into pCMV-tag4 between the sites of BamH1 and EcoRV in order to analyze the putative function of OCC-1A/B mRNA in noncoding form. ATG-mutant OCC-1A/B full-length cDNA was made through site-directed mutagenesis using SOEing PCR, which converted ATG to CTG. The feature of noncanonical processing of miR-ex1, given in our experiment, compelled us to use the shRNA system by pRNA-H 1.1 vector (Genscript) for overexpression of miR-ex1 in human cell lines. In this method, a fragment containing an exact 60-nt stem-loop structure of premiR-ex1 followed by a transcription terminator was annealed, PCR-amplified, and inserted between BamH1 and HindIII sites under the transcription of the pol-III H1 promoter. This construct is named pRNA-H 1.1 /miR-ex1. In parallel, two control vectors were prepared; one of them has no insert (pRNAH 1.1 /empty or mock) and another contains an irrelevant sequence that forms a miRNAlike hairpin structure and does not have any homology to human transcriptome or genome. For other types of vectors, a scrambled vector containing a nonfunctional insert has been considered. All plasmid constructs were confirmed by colony PCR and sequencing.
An APC2 gene 3 ′ -UTR sequence (481-2551 nt from the start of 3 ′ -UTR) containing five of six putative miR-ex1 binding sites was PCR amplified and inserted into the psiCHECK2 vector (Promega). The XhoI/Not1 site immediately downstream from the stop codon of Renilla luciferase was utilized, resulting in generation of a psiCHECK2 recombinant vector containing Luciferase::APC2-3 ′ -UTR construct. A sequence with similar size (TrkC 3 ′ -UTR), which had no predicted MRE for miR-ex1, was also cloned in the psiCHECK2 vector, and then it was used as the nontarget control.
For TOP/FOPflash reporter assays, pGL4.14 (luc2/Hygro) vector (Promega) was modified to TOPflash by adding three copies of the TCF-LEF response element along with a minimal TK promoter. For the FOPflash construct, the three copies of the TCF-LEF response element in TOPflash were replaced by mutant sequences.
Antisense down-regulation
Introduction of a complementary RNA and formation of double strand RNAs induces both a potent and specific gene silencing effect (Bosher and Labouesse 2000) . Therefore, antisense constructs for down-regulation of long RNAs were prepared by cloning of a reverse-complement sequence of related RNAs in the same vector type that was selected to express the sense RNA sequences. For down-regulation of miR-ex1, complementary oligonucleotides (Table 1 , row 16) containing both antisense and sense strands sequences (ensuring a loop in between) were annealed together and cloned into the pRNA-H 1.1 vector under the control of the H 1 promoter using BamH1 and HindIII restriction sites. To validate the efficacy of down-regulation, qRT-PCR was carried out for intended transcripts by comparing their expression levels in antisense-transfected cells with mock-or scrambled-transfected cells as controls.
Cell culture and transfection
The human colorectal adenocarcinoma cell line, SW480, and the squamous cell carcinoma, KYSE-30, were grown in Roswell Park microscopy, and the overexpression was analyzed by qRT-PCR. The overexpression and efficient processing of mature miR-ex1 in cell lines was confirmed by real-time PCR, and the specificity was verified by TA-cloning and sequencing.
RNA extraction and cDNA synthesis
Total RNA from frozen tissues or harvested cell lines was extracted using TRIzol reagent (Invitrogen) in accordance with the manufacturer's instructions. RNA integrity and concentration were determined by standard RNA gel electrophoresis and spectrophotometry at 260 nm. The total RNA was treated with RNase-free DNase (Fermentas) and used for cDNA synthesis using anchored-oligo (dT) 18 primer (Table 1) and RevertAid TM MMuLV Reverse Transcriptase (Fermentas) in a 20 µL reaction according to the manufacturer's instructions. For each sample, a No-RT control was used in parallel.
Primer sequences and features
The appropriate PCR primers were designed using Primer3 software (http://frodo.wi.mit.edu/primer3/) and analyzed by OligoAnalyser from IDT (http://eu.idtdna.com/site) and Gunrunner software (version 3.02; Hastings Software), and their sequences for several purposes are represented in Table 1 .
Reverse transcription-PCR (RT-PCR) and real-time PCR (qRT-PCR)
RT-PCR was performed using 1 µL of cDNA template with pre-mix Taq polymerase (Solis BioDyne) and 0.4 µM of each primer in a 25-µL PCR reaction. Quantitative real-time PCR was performed using the SYBR Premix Ex Taq Kit (Takara Biotechnology) on an ABI 7500 Detection System (Applied Biosystems). CDNA corresponding to 50 ng of RNA was added to the SYBR Premix Ex Taq Kit (0.2 µM of each specific primer, 10 µL of SYBR-Green Taq Ready Mix) in a total reaction volume of 20 µL. The threshold cycle (C t ) for individual reactions was identified using ABI 7500 detection system software. Relative genes' expression was calculated with the 2 −ddCt method (Livak and Schmittgen 2001) . For each individual realtime PCR, a final melting curve analysis was considered to ensure the specificity of PCR products. Specific primers for real time PCR individually were similar to RT-PCR primers (Table 1) . The RNA copy numbers of OCC-1A/B, OCC-1C, and OCC-1D variants were determined based on the standard curves prepared from known serial dilution of vectors, containing these variants and interpolation of their PCR signal on cDNA samples (C t ) into corresponding standard curves (Illumina protocol:(http://www. illumina.com/Documents/products/technotes/technote_eco_absolute_ quantification_using_sybrgreen.pdf) (Nolan et al. 2006; Cui et al. 2007; Lefever et al. 2009 ).
Isolation and sequencing of OCC-1 variants
For cloning of OCC-1 and its overexpression in cell lines, two specific primers for the 5 ′ and 3 ′ ends of OCC-1 mRNA (GenBank accession number: NM_001145199) were designed. To exclude any nonspecific PCR products, a nested PCR was done on the diluted PCR products. The result was three bands on the agarose gel that were ligated into the pTG19T-cloning vector (Vivantis, Malaysia) and sequenced.
For detection of miR-ex1 a protocol adopted from Parsi et al. (2012) was used. Briefly, RNA preparation was polyadenylated in order to add a poly(A) tail to miRNAs, and cDNA was synthesized using anchored oligo(dT) primer. Then PCR was carried out using miR-ex1 specific primer, and anchor-specific primer and products were cloned in the TA vector for sequencing and deduction of miR-ex1 sequence.
Immunocytochemistry (ICC)
SW480 cells were cultured in a 24-well plate (8 × 10 4 cells/well) and transiently transfected by constructs (1 µg/well of DNA and 1.5 µL of Lipofectamine 2000) encoding Flag-tagged OCC-1A/B and OCC-1C peptides under the condition of G418 (1.2 μg/mL medium; Invitrogen) antibiotic treatment. Forty-eight hours post-transfection, SW480 cells were washed with phosphate buffered saline (PBS) and fixed for 15 min at room temperature in 4% paraformaldehyde (PFA) in PBS. The cells were washed twice with ice-cold PBS and permeabilized with PBS containing 0.2% Triton X-100 for 10 min at 4°C. After washing the cells in PBS three times (each wash for 5 min), a blocking solution containing PBS and 10% bovine serum was applied for 1 h at room temperature. Afterward, the primary antibody (rat monoclonal anti-Flag; 1:1000, Agilent Technologies) diluted in a blocking solution was treated overnight at 4°C. After three washes in PBS, the FITC-conjugated secondary antibody (anti-rat IgG [1:32], Sigma) was diluted in a blocking solution and added for 1 h at room temperature in the dark. The secondary antibody solution was decanted and washed three times with PBS for 5 min each in the dark. Finally, the cells were incubated for 5 min with 0.1 μg/mL DAPI as a nuclear counter-stain. The cells were viewed using an inverted fluorescence microscope (OLYMPUS IX53). Image overlays and contrast enhancement were performed using Adobe Photoshop 7.0 ME software.
Enzyme-linked immunosorbent assay (ELISA)
For measurement of APC2 protein levels under the miR-ex1 expression alteration, SW480 cells were plated in a six-well plate (4.8 × 10 5 cells/well), and 24 h later were transfected by mock-, scramble-, miR-ex1-, and anti-miR-ex1-containing constructs (4 µg of plasmid and 5.5 µL of lipofectamin in each well). Forty-eight hours posttransfection, protein extracts were obtained by lysing cells in RIPA lysis buffer (Abcam) and 1 mM PMSF (pH 7.4), followed by centrifugation in 10,000 rpm and 4°C for 5 min. Thereafter, a 96-well ELISA plate was coated with equal amounts of extracted total protein (100 µL/well) and washed three times with 300 µL/well wash buffer (PBS containing 0.05% [v/v] Tween-20; Sigma). Nonspecific binding was blocked with addition of 250 µL/well of 1% BSA in PBS for 2 h at 37°C. The plate was washed three times and incubated with anti-APC2 primary antibody (1:1000) (Abcam; ab113370) followed by detection of horseradish peroxidase-conjugated secondary antibody solution (1:2000) (Abcam; ab97057). After the addition of 100 µL/well of the peroxidase substrate TMB (Sigma) in 0.05 mol/L phosphate-citrate buffer containing 0.014% H 2 O 2 (pH = 5.0) (Sigma), color development was allowed to proceed for 5-15 min and was terminated by the addition of 100 µL/well of 4 N H 2 SO 4 . The absorbance was measured at 490 nm in an ELISA Microplate Reader (Biotek). Data of each sample is the mean of triplicates.
Cell cycle analysis
Cells (1.2 × 10 5 cells/well for SW480 and 1 × 10 5 cells/well for HeLa cells) were transfected in 24-well plates in triplicate. For each construct, a scrambled vector (1 µg/well) along with untransfected cells were used as negative controls. Thirty-six hours after transfection, floating and adherent cells were harvested, combined, and processed. The supernatant from each well was combined with the cells harvested from each well by trypsinization. The cells were collected by centrifugation (at 1600 rpm for 5 min in 4°C), fixed with ice-cold 70% ethanol, washed with PBS, and resuspended in 0.5 mL of PBS containing propidium iodide (1mg /mL) and RNase A (0.20% v/v). After a final incubation at 37°C for 30 min, cells were analyzed using a FACS Calibur flow cytometer (Becton Dickinson). A total of 10,000 events were counted for each sample. Data were analyzed using Flowing Software version 2.5.
Flow cytometric assessment of apoptosis using annexin V assay SW480 and HeLa cells (plated 1.2 × 10 5 and 1 × 10 5 cells per well, respectively) were transfected in 24-well plates in triplicate. For each construct, a scrambled vector (1 µg/well) along with untransfected cells were used as negative controls. Thirty-six hours after transfection, floating and adherent cells were harvested, combined, and stained by using a commercially available Annexin-V-FLUOS Staining Kit (Roche, cat. no. 11858777001) according to the manufacturer's instructions. Then the stained cells were analyzed using a FACS Calibur flow cytometer (Becton Dickinson). Approximately 10,000 counts were made for each sample. The percentage distributions of apoptotic cells were calculated using Flowing Software, version 2.5.
Dual-luciferase assay
To validate the direct interaction of miR-ex1 with the APC2 gene 3 ′ -UTR, HEK293-T cells were cotransfected with psiCHECK-2/ APC2-3 ′ -UTR vector (200 ng/well) and miRNA-expressing vector (pRNA-H 1.1 /miR-ex1) (400 ng/well) in 48-well plates. As negative controls, scrambled and empty pRNA-H 1.1 vectors were used in cotransfection. For each experimental trial, wells were transfected in triplicate, and each well was assayed in triplicate. For each well, luciferase activity was measured 48 h after transfection using the Dual Luciferase Reporter Assay System (Promega) as per the manufacturer's instructions.
TOPflash reporter assay
TOP/FOP reporter assays were carried out with the Dual-Glo Luciferase System (Promega) in a 48-well plate, following the manufacturer's instructions. Briefly, TOPflash or FOPflash constructs (200 ng/well) were transiently cotransfected into SW480 cells together with appropriate constructs and a scrambled vector (400 ng/well) in triplicate. Forty-eight hours later, TOPflash was measured for each vector. None of the constructs significantly affected FOPflash values. The experiment was repeated twice and resulted in the same data.
Cell proliferation (MTT) assay
HeLa and SW480 cells (7000 and 9000 cells/well, respectively) were plated in a 96-well plate in triplicate. After 24 h, they were transfected by lipofectamine 2000 (0.30 µL/well) and vectors (0.25 µg/well). Forty-eight hours post-transfection, 10 µL of 5 mg/mL MTT (Sigma) was added to each well, followed by further culture for 4 h, after which the culture medium was discarded. To each well, 150 µL DMSO (Sigma) was added and the wells were mixed by shaking in the dark. OD490 was measured with an ELISA Microplate Reader (Biotek) after the crystals dissolved. The formula: rate of growth in cancer cells = (average OD490 in test groups/average OD490 in control groups) × 100%.
Statistical analysis
The levels of ΔΔC t between cancer tissues and noncancerous tissues were analyzed by the paired Student's t-test to determine statistical significance by the probability of difference between the means. P < 0.05 was considered statistically significant. Values in all the graphs are expressed as means ± SEM. For each experiment, the significance of differences between groups or samples was determined by comparison test (GraphPad Prism 6: GraphPad Software). Correlation analysis was also performed using GraphPad Prism software, represented as a Pearson coefficient.
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